Pathogen recognition by nucleotide-binding oligomerization domain-like receptor (NLR) results in the formation of a macromolecular protein complex (inflammasome) that drives protective inflammatory responses in the host. It is thought that the number of inflammasome complexes forming in a cell is determined by the number of NLRs being activated, with each NLR initiating its own inflammasome assembly independent of one another; however, we show here that the important foodborne pathogen Salmonella enterica serovar Typhimurium (S. Typhimurium) simultaneously activates at least two NLRs, whereas only a single inflammasome complex is formed in a macrophage. Both nucleotide-binding domain and leucine-rich repeat caspase recruitment domain 4 and nucleotide-binding domain and leucine-rich repeat pyrin domain 3 are simultaneously present in the same inflammasome, where both NLRs are required to drive IL-1β processing within the Salmonella-infected cell and to regulate the bacterial burden in mice. Superresolution imaging of Salmonella-infected macrophages revealed a macromolecular complex with an outer ring of apoptosis-associated speck-like protein containing a caspase activation and recruitment domain and an inner ring of NLRs, with active caspase effectors containing the pro-IL-1β substrate localized internal to the ring structure. Our data reveal the spatial localization of different components of the inflammasome and how different members of the NLR family cooperate to drive robust IL-1β processing during Salmonella infection.
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innate immunity | bacteria | caspase-1 | caspase-8 | ASC I nflammasomes are cytosolic multimeric protein complexes formed in the host cell in response to the detection of pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs). Formation of the inflammasome in response to PAMPs is critical for host defense because it facilitates processing of the proinflammatory cytokines pro-IL-1β and pro-IL-18 into their mature forms (1) . The inflammasome also initiates host cell death in the form of pyroptosis, releasing macrophageresident microbes to be killed by other immune mechanisms (2) . The current paradigm is that there are individual, receptor-specific inflammasomes consisting of one nucleotide-binding oligomerization domain-like receptor (NLR; leucine-rich repeat-containing) or PYHIN [pyrin domain and hematopoietic expression, interferoninducible nature, and nuclear localization (HIN) domain-containing] receptor, the adaptor protein apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (CARD; ASC), and caspase-1 (3). How the protein constituents of the inflammasome are spatially orientated is unclear.
Nucleotide-binding domain and leucine-rich repeat caspase recruitment domain 4 (NLRC4) and nucleotide-binding domain and leucine-rich repeat pyrin domain 3 (NLRP3) are the bestcharacterized inflammasomes, especially with respect to their responses to pathogenic bacteria. The NLRC4 inflammasome is activated primarily by bacteria, including Aeromonas veronii (4), Escherichia coli (5), Listeria monocytogenes (6, 7), Pseudomonas aeruginosa (5), Salmonella enterica serovar Typhimurium (S. Typhimurium) (5, (8) (9) (10) , and Yersinia species (11) . In mouse macrophages, the NLRC4 inflammasome responds to flagellin and type III secretion system-associated needle or rod proteins (5, 8, 9) after their detection by NLR family, apoptosis inhibitory protein (NAIP) 5 or NAIP6 and NAIP1 or NAIP2, respectively (12) (13) (14) (15) . Phosphorylation of NLRC4 at a single, evolutionarily conserved residue, Ser 533, by PKCδ kinase is required for NLRC4 inflammasome assembly (16) . The NLRP3 inflammasome is activated by a large repertoire of DAMPs, including ATP, nigericin, maitotoxin, uric acid crystals, silica, aluminum hydroxide, and muramyl dipeptide (17) (18) (19) (20) . NLRP3 is also activated by bacterial PAMPs from many species, including Aeromonas species (4, 21), L. monocytogenes (6, 7, 22) , Neisseria gonorrhoeae (23), S. Typhimurium (10), Streptococcus pneumoniae (24) , and Yersinia species (11) . The mechanisms by which NLRC4 and NLRP3 inflammasomes contribute to host defense against bacterial pathogens are emerging; however, little is known about the dynamics governing inflammasome assembly in infections caused by bacteria that activate multiple NLRs, such as S. Typhimurium (10), A. veronii (4), and Yersinia (11).
NLRP3 does not have a CARD and requires ASC to interact with the CARD of procaspase-1. This interaction requires a charged interface around Asp27 of the procaspase-1 CARD (25) .
Significance
The nucleotide-binding oligomerization domain-like receptor (NLR) family members, NLRC4 and NLRP3, activate the inflammasome to provide host defenses against infection. The precise molecular constituents of an inflammasome are unknown; however, it is believed that receptor-specific complexes containing apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC) and caspase-1 are formed. Here, we used confocal and superresolution microscopy to show that in macrophages infected with Salmonella Typhimurium, a pathogen that activates two distinct NLRs, ASC forms an outer ring-like structure that comprises NLRC4, NLRP3, caspase-1, caspase-8, and pro-IL-1β within the same macromolecular complex. These results suggest that the inflammasome is a highly dynamic macromolecular protein complex capable of recruiting different NLRs and effectors to coordinate inflammasome responses to infection.
Whether ASC is also required for the assembly of the NLRC4 inflammasome is less clear. NLRC4 contains a CARD that can interact directly with the CARD of procaspase-1 (26) ; however, ASC is required for some of the responses driven by NLRC4 (27) . Macrophages infected with S. Typhimurium or other pathogens exhibit formation of a distinct cytoplasmic ASC focus or speck, which can be visualized under the microscope and is indicative of inflammasome activation (10, 28, 29) . Our laboratory and others have shown that only one ASC speck is formed per cell irrespective of the stimulus used (29) (30) (31) (32) . However, many bacteria activate two or more NLRs, and it is unclear whether a singular inflammasome is formed at a time or if multiple inflammasomes are formed independent of each other, with each inflammasome containing one member of the NLR family.
In this study, we describe the endogenous molecular constituents of the Salmonella-induced inflammasome and their spatial orientation. In cross-section, ASC forms a large external ring with the NLRs and caspases located internally. Critically, NLRC4, NLRP3, caspase-1, and caspase-8 coexist in the same ASC speck to coordinate pro-IL-1β processing. All ASC specks observed contained both NLRC4 and NLRP3. These results suggest that Salmonella infection induces a single inflammasome protein complex containing different NLRs and recruiting multiple caspases to coordinate a multifaceted inflammatory response to infection.
Results
NLR and Caspase-1 Are Both Spatially Organized Within the Salmonella-Induced ASC Speck. The inflammasome adaptor protein ASC aggregates and forms a large speck in response to different inflammasome stimuli. Using confocal imaging, we immunolocalized ASC after infection of primary bone marrowderived macrophages (BMMs) with S. Typhimurium [multiplicity of infection (MOI) of 10] for 1 h. ASC redistributed to form a focus or speck in BMMs infected with S. Typhimurium (Fig. 1A) , whereas endogenous ASC predominately distributed throughout the cytosol of unstimulated BMMs (Fig. S1A) . Each infected cell contained one ASC speck with a diameter of 0.6-0.7 μm after infection with S. Typhimurium (Fig. 1A) . Protein oligomerization assays confirmed that ASC formed oligomers following Salmonella infection (Fig. 1B) . Specks that appeared in a crosssection orientation had an apparent hole in the middle (Fig. 1A) . A similar ASC "ring" structure was observed in human THP-1 macrophages ( Fig. 1C and Fig. S1B ). We used Bayesian localization superresolution microscopy to obtain higher magnification images of the specks in cross-section (33) . After infection of THP-1 cells or BMMs with S. Typhimurium (MOI of 10) for 30 min, immunolabeled ASC specks from different cells were visualized and the images were compared with each other. Analysis of multiple cross-sections of an ASC speck revealed that it forms a ring-like structure (Fig. 1D) . Immunolabeling of ASC using two different antibodies revealed the same ring-like structure (Fig. S1C ), suggesting that this structure is not due to the effect of a particular antibody. Further analysis of the ASC specks showed the presence of side filaments frequently decorating the external region of the ASC ring structure (Fig. 1E) .
How other endogenous proteins of the inflammasome associate with and spatially distribute relative to ASC is unclear. We used superresolution microscopy to resolve the spatial orientation of ASC, caspase-1, and either NLRP3 or NLRC4 in macrophages infected with S. Typhimurium. Confocal imaging using caspase-1-specific fluorescent-labeled inhibitor of caspases labeling in THP-1 cells or mouse BMMs identified caspase-1 specks of a smaller diameter [0.426 ± 0.047 μm (n = 8)] than the ASC specks ( Fig. 1 C-E and Fig. S1D ). Superresolution imaging of ASC and caspase-1 colocalization showed that the ASC ring surrounded caspase-1, with the caspase-1 filling the central "hole" of the ASC ring ( Fig. 1 C-E and Fig. S1D ). We attempted to generate a 3D reconstruction of the superresolution ASC structure; however, the point spread function of the microscope is symmetrical, which means that it is not possible to discriminate between point spread functions that are out of focus above the plane of focus and those that are an equal distance below the plane of focus. However, we were able to discriminate between in-focus and out-of-focus point spread functions in the superresolution data. These images show the in-focus fluorophores tending to be localized to the edge of the ring, with the out-of-focus fluorophores being more spread out (Fig. S2 ). This analysis suggests that the outer ring structure is reasonably well defined in one plane, with some degree of narrowing occurring above or below.
We next wondered how individual NLRs would spatially associate with ASC. LPS-primed THP-1 cells were infected with S. Typhimurium for 30 min at an MOI of 10 and immunolabeled for endogenous NLRP3 and ASC. Confocal imaging of NLRP3 showed, like those seen for caspase-1, specks that were smaller (0.4 μm) than those seen with ASC immunolabeling (Fig. 2A) . Superresolution imaging of the colabeled ASC and NLRP3 showed that NLRP3 formed a smaller ring-like structure within the ASC ring ( Fig. 2A) . This technique also showed that diffused caspase-1 predominantly localized within the NLRP3 ring-like speck in infected BMMs (Fig. 2B) . Superresolution microscopy of immunolabeled NLRC4 also revealed smaller specks [0.578 ± 0.079 μm (n = 8)] than those formed by ASC (Fig. 2C and Fig.  S3 ). Caspase-1 predominantly localized in an NLRC4 ring-like speck (Fig. 2C) . Immunolocalization of NLRP3 and ASC in the nigericin-stimulated canonical NLRP3 inflammasome produced a similar pattern to that observed in the Salmonella-induced inflammasome structure (Fig. S4) . We confirmed our colocalization findings in HEK 293 cells transfected with DNA constructs encoding different inflammasome proteins (Figs. S5 and S6). Taken together, we provide evidence to show that following Salmonella infection of macrophages, endogenous NLRC4 or NLRP3 resides in the ASC speck, within which caspase-1 is located to form an inflammasome complex. 
Coordinated Activation of NLRs Sustains Infection-Induced IL-1β
Production. NLRC4 and NLRP3 can both be activated by Salmonella (10), but the dynamics of how NLRC4 and NLRP3 activation is coordinated with respect to their localization within the ASC speck during infection is unclear. Infection of BMMs from WT and Asc −/− mice with log phase-grown WT S. Typhimurium for 2 h showed that Salmonella induction of caspase-1 proteolysis, pro-IL-1β processing, and IL-1β release required ASC (Fig. S7) . Both NLRC4 and NLRP3 were required to drive robust IL-1β production (Fig. 3A) . To investigate the dynamics of NLRC4-and NLRP3-mediated IL-1β production further, we infected primary BMMs from WT, Nlrc4 −/− , or Nlrp3 −/− mice with S. Typhimurium lacking flagellin (ΔfliCΔfljB), PrgJ (ΔprgJ), or all known activators of the NLRC4 inflammasome (ΔfliCΔfljBΔprgJ) (14, 15) . We found that NLRC4 predominantly drove caspase-1 proteolysis, pro-IL-1β processing, and IL-1β production in response to all Salmonella mutants after 2 h of infection, whereas NLRP3 responded to all mutants following 24 h of infection (Fig. 3 B and C) . Our results suggest that NLRC4 and NLRP3 cooperate to induce robust inflammasome activation following infection with S. Typhimurium.
Our in vitro data suggest a role for both NLRC4 and NLRP3 in the host response to infection with S. Typhimurium. In lethal salmonellosis, NLRP3 and NLRC4 are required to control the infection on day 5 postinfection (10), but the relative contributions of these NLRs in regulating the bacterial burden over time are unknown. We therefore used a sublethal model of murine salmonellosis, where the mice control bacterial growth and eventually clear the infection over time, which allows us to monitor the impact of NLRs on Salmonella growth over a longer time course. Mice were infected with S. Typhimurium and killed at days 1, 7, and 13 postinfection. A similar bacterial burden was found in all mice at day 1 (Fig. 4) . At day 7, both Nlrc4 −/− and Nlrp3 −/− mice had higher bacterial counts than WT mice (Fig. 4) .
−/− ) mice had the highest bacterial burden compared with other mice on day 7, suggesting that both NLRs contribute to the host defense against Salmonella infection 7 d postinfection. On day 13, we observed elevated bacterial burden in Nlrc4 −/− or Nlrp3 −/− mice compared with WT mice (Fig. 4) . Unlike day 7, substantially higher bacterial numbers were found in Nlrc4 −/− mice compared with Nlrp3 −/− mice on day 13. Casp-
) mice still contained the highest bacterial burden compared with both Nlrc4 −/− and Nlrp3 −/− mice. These results suggest that the relative contribution between NLRC4 and NLRP3 in the host control of sublethal salmonellosis is comparable on day 7, whereas on day 13, NLRC4 exerts a greater antibacterial effect than NLRP3. The reason why we see distinct roles for NLRC4 and NLRP3, in comparison to Broz et al. (10) , is simply because the differences in bacterial growth only become apparent as the infection progresses over time. This effect can only be seen if the animals can ultimately control bacterial growth. These data support the concept that NLRC4 and NLRP3 coordinate suppression of bacterial growth in vivo during Salmonella infection.
Multiple NLRs and Caspases Can Be Recruited to the Same SalmonellaInduced Inflammasome. Activation of multiple NLRs in response to Salmonella infection occurs in vitro and in vivo, yet how is this activation achieved if cells only form a single inflammasome per cell? Infection of BMMs with S. Typhimurium for 24 h to induce the activation of both NLRC4 and NLRP3 still resulted in the formation of a single ASC speck per macrophage (Fig. 5A) . A possible explanation for the presence of a single speck is that triggering speck formation by multiple NLRs could result in more than one NLR being present in the same inflammasome complex. Rather than having separate NLRP3 or NLRC4 inflammasomes occurring, we hypothesized that the inflammasome could be a single dynamic protein complex that is formed in response to different NLR inputs. NAIPs and NLRC4 are recruited to the same inflammasome, so it is feasible that NLRP3 and NLRC4 may also be present in a single inflammasome complex (14, 15) . To investigate this hypothesis, we used superresolution microscopy to visualize immunolabeled endogenous NLRC4 and NLRP3 in LPS-primed THP-1 macrophages infected with S. Typhimurium. All of the ASC specks observed contained both NLRC4 and NLRP3, and image analysis of these ASC foci showed colocalization of both NLRs in the same speck (Fig. 5B) . NLRC4 localized in a ring-like structure [ring diameter of 0.658 ± 0.056 μm (n = 10)], whereas NLRP3 formed a smaller and more centralized ring-like structure [ring diameter of 0.489 ± 0.029 μm (n = 10)] (Fig. 5C ). We confirmed these findings by coexpressing DNA constructs encoding human NLRC4 and NLRP3 in HEK 293 cells and found that both receptors redistributed and colocalized into a single complex (Fig. S8) . Our data suggest that NLRC4 and NLRP3 can be located in the same inflammasome.
Given that NLRs are oriented in a distinct manner within the speck, we wondered whether inflammasome-associated caspases have a similar spatial orientation. We have previously shown that the ASC speck is required to recruit the inflammasome effectors caspase-1 and caspase-8 into a single complex during Salmonella infection (32) (Fig. S9A) . In THP-1 cells, superresolution analysis of the ASC-caspase-8 speck showed a similar distribution to that seen for caspase-1 distribution within the ASC ring, with the diameter of the caspase-8 core measured at 0.422 ± 62 μm (n = 7) (Fig. 6 A and B) . We performed additional cross-sectional analysis of the ASC-caspase-8 specks (Fig. 6B ) and confirmed these findings in primary BMMs (Fig. S9B) . Taken together, we hypothesized that a single inflammasome platform provides a major proteolytic cleavage site within the cell where pro-IL-1β must be recruited for processing. We stained pro-IL-1β, ASC, and caspase-1 and found that pro-IL-1β formed a smaller specklike structure (0.4 μm) that colocalized within the ASC-caspase-1 speck (Fig. S10) , suggesting that pro-IL-1β may be required to enter the inflammasome "pore" for proteolytic processing. It is not unreasonable to speculate that the ASC speck is a substratespecific entity whereby only specific substrates, such as pro-IL-1β and pro-IL-18, are able to enter for caspase-1-and caspase-8-dependent processing while providing a controlled environment to prevent unregulated caspase-1 and caspase-8 activity within the cell. The concentric organization of the speck suggests that ligandmediated NLR activation provides a nucleation point for the rapid recruitment of ASC dimers and the subsequent assembly of the ASC speck, concomitant with the recruitment of caspase-1 and caspase-8 (Fig. 6C) . This process results in the formation of an inflammasome platform containing more than one NLR family member, which drives the recruitment of multiple effectors to the same protein complex to process pro-IL-1β and pro-IL-18.
Discussion
Bacterial infection activates different NLRs to drive inflammasome production of IL-1β and IL-18 in the host tissue to help control the spread of the organism. Here, we provide an answer to a central question in inflammasome biology. That is, in response to pathogens like Salmonella, which activate multiple NLRs, why does only a single ASC speck form? Our combined confocal and superresolution imaging approach along with functional analysis shows, for the first time to our knowledge, that endogenous NLRC4 and NLRP3 colocalize in the same speck. Different NLRs can therefore be present in the same ASC speck to coordinate inflammasome functions after Salmonella infection. A single ASC speck can also contain multiple caspase effectors (caspase-1 and caspase-8) at the same time, suggesting that the inflammasome platform is a dynamic protein complex that contains multiple NLRs and recruits more than one effector caspase to control the production of IL-1β.
Our work provides a clear picture of the gross organization of the endogenous ASC speck. The concentric organization of an , and casp-1 −/− (casp-11 −/− ) mice were infected i.v. with 1.33 × 10 4 cfu of S. Typhimurium strain M525P (a strain that establishes sublethal murine salmonellosis), and the mean bacterial load was determined in the spleen and liver after 1, 7, and 13 d of infection. Three to four animals of each genotype were used per group per time point. Data are from one set of experiments representative of two. ns, no statistical significance; **P < 0.01; ***P < 0.001.
external ASC layer surrounding the NLR proteins, which, in turn, surround the effector caspases, provides important insight into the function of the inflammasome. This arrangement permits the dynamic recruitment and movement of speck constituents following activation, thereby ensuring the inflammasome remains functionally active. For example, NLRP3 is critical for sustained pro-IL-1β processing and is recruited to the ASC speck at a later time point than NLRC4, which is instead crucial during early infection. Hence, NLRP3 is positioned inside NLRC4 (Fig. 5B) . The formation of an outer shell of ASC, rather than a solid or closed speck, is also consistent with continual dynamic recruitment and with the presence of a functional core consisting of active caspases and pro-IL-1β (Fig. S10) , which would be inaccessible if ASC formed a closed shell. The outer ASC shell may also serve to stabilize and protect the internal structure. It is interesting to note that side filaments are often found decorating ASC shell, although the functional significance of these filaments is currently unclear.
The nature of the protein-protein interactions within the speck remains elusive at this resolution, and it is intriguing that direct colocalization of components that reportedly interact is not always observed. This apparent discrepancy is likely to be a result of both the experimental reagents available and the functional organization of the speck. We predominantly costain ASC and active caspase-1 or caspase-8 in our study, resulting in detection of active caspase-1 or caspase-8 in the functional center of the speck, presumably following its release from ASC (Fig. 6 ). Whereas when we stained ASC and caspase-8 using an antibody that detects both cleaved and proforms, more of the caspase is localized with the ASC ring (compare Fig. 6 and Fig. S9B ).
Our results show that the spatial orientation of NLRP3 and ASC in the nigericin-stimulated canonical inflammasome resembles a pattern similar to that observed in the more complex Salmonella-induced inflammasome structure (Fig. S4) . We speculate that the composition of the absent in melanoma 2 (AIM2) inflammasome would have a structure similar to that of the multi-NLR inflammasome. Indeed, analysis of the crystal structure of the HIN200 domain of AIM2 and dsDNA revealed that the positively charged HIN domain embraces the dsDNA, whereas the AIM2 pyrin domain located peripheral to the HINdsDNA structure is thought to facilitate the recruitment of ASC (34) . This proposed structure composed of dsDNA-AIM2 internal to ASC is similar to our observed structure comprising NLRC4 and NLRP3 within an ASC shell. In contrast to our concentric ring structure, where caspase-1 lies within the ASC ring, a recent study using cryo-EM analysis suggests that caspase-1 forms filamentous structures external to ASC following nucleation by either NLRP3 or AIM2 (35) . This difference is most likely due to the altered protein levels between an exogenous overexpression system and our own visualization of the endogenous inflammasome. Earlier EM staining of endogenous ASC also reports a hollow, ring-like organization (36) . The cryo-EM analysis of the AIM2 ternary complex and the NLRP3 inflammasome represents a snapshot of inflammasome formation and may correlate with the starting point of full speck formation. This step would be followed by additional NLR and ASC recruitment leading, ultimately, to the ring-like structure we observe.
Salmonella activates both NLRC4 and NLRP3, which results in ASC focus formation and recruitment of caspases to the inflammasome (10, 32) . Our data show that in vitro NLRP3 contributes to the macrophage response against Salmonella at a later stage than NLRC4 in unprimed conditions. This finding is unsurprising, because NLRP3 expression in BMMs requires induction by LPS or cytokines, such as TNF-α (37). In experiments using unprimed BMMs infected with Salmonella (Fig. 3) , there will be a delay before NLRP3 is expressed, whereas NLRC4, which is constitutively expressed, will be activated immediately upon cellular infection. In vivo, as infection progresses, the effect of NLRC4 is slightly more important at day 13 in comparison to days 1 and 7. There are many factors that could explain the differences, including time-dependent effects of NLRC4 and NLRP3 in vitro and in vivo. These factors include the changing profile of cytokines; the effects of NLRC4, but not NLRP3, in driving Salmonella-induced pyroptosis; and the switch in cell type dominance over time during infection. Macrophages, for example, play a key role at day 7, the time point at which NLRC4 and NLRP3 have a similar effect in vivo, whereas by day 13, other cells, such as natural killer cells and CD4 + T cells, are starting to play a major role in controlling the infection.
If NLRC4 and NLRP3 both contribute to the host defense against Salmonella infection, then mice lacking either of these receptors should show a greater susceptibility to Salmonella infection compared with WT mice. Our work supports this hypothesis because mice lacking NLRC4 or NLRP3 have higher bacterial loads than the WT mice at days 7 and 13 postinfection. Broz et al. (10) previously reported that mice lacking NLRC4 or NLRP3 harbor similar bacterial numbers in the spleen, liver, and mesenteric lymph nodes 5 d after Salmonella infection; however, consistent with our observations, they showed that mice lacking both NLRP3 and NLRC4 harbor a higher bacterial load compared with WT controls. We observed similar bacterial numbers in the spleen and liver between WT mice and any of the KO strains at an early time point (day 1), but as the infection progresses (days 7 and 13), we see a clear increase in the bacterial burden in mice lacking NLRC4 or NLRP3. This observation highlights an important role for each of these receptors over the course of Salmonella infection, which is consistent with our in vitro data.
Our data lead us to propose that the inflammasome is a dynamic multiprotein complex, where NLRC4, NLRP3, caspase-1, caspase-8, and pro-IL-1β colocalize to the same ASC inflammasome in macrophages infected with Salmonella. Whether caspase-11 might associate with ASC in the noncanonical inflammasome is unclear, and the spatial distribution of these proteins will be an interesting area for future research. In conclusion, our data reveal cooperative interactions between distinct members of the NLR and caspase families that form a dynamic inflammasome during Salmonella infection.
Materials and Methods
Detailed information is presented in SI Materials and Methods. We used Bayesian localization microscopy to obtain superresolution images of the ASC inflammasome structure (33) . Superresolution experiments were performed on a Nikon TI Eclipse inverted microscope using a Nikon Intensilight light source for fluorescence.
